Abstract-This paper presents an automated and scalable approach for the tuning of power converters control systems in embedded power grids. These are composed by different power converter interconnected to each other and are increasingly adopted in a range of applications among which micro-grids and more electric aircrafts. The interaction between the grid components may lead to instability, especially in presence of small passive filters. A structured state feedback optimal control approach is proposed to jointly design all power converters controllers in a coordinated way to maximize the performance of the grid and avoid instability due to converters interaction.
I. INTRODUCTION
Embedded power grids are recently becoming popular in different fields, for example more electric aircraft (MEA) [1] . The MEA concept has introduced different advantages for the aircraft industry, such as reduced maintenance requirements, weight decrease, passenger comfort, and increased reliability. However, maintaining the advantages of the MEA highly relies on optimized on-board electrical network and power electronic conversion systems. Embedded power grids are composed by different power electronic converters usually connected together by passive filters. Due to the reduced grid size, the interaction between the converters is often not negligible, leading to undesirable and often unstable behavior. The easier and more common technique used to reduce this effect is to increase the size of passive filters that interface the converters to the grid. This approach permits to moderate the interactions and consequently allows designing the controllers independently. A filter size increment however, implicates a growth in the overall system dimension, weight and cost. The presence of highly nonlinear components (such as an Active Front End (AFE) converter) complicates even more the design of the controllers. Different approaches have been proposed in literature to face these nonlinearities like Lyapunov based methods [2] , feedback linearization [3] and passivity-based control [4] . These methods however have been proposed for single converter and the extension to a more complex interconnected grid is not straightforward. Recently, some approaches have been proposed in literature to evaluate the stability of grids, for example estimating converter impedances [5] . An almost fixed structure and a reduced dimension of this type of power grid suggests a global control design approach that permits to keep in consideration converter interactions and optimize the dynamic performance of the system even in presence of small filters. This paper presents a scalable and automated technique to synthetize the controllers of the power converters within an embedded power grid. A state space average model of the entire grid is derived. The optimal controllers are subsequently derived solving a structured optimal state feedback control problem. The approach is demonstrated and validated using a simple topology as example. It is however easily scalable to more complex grid topologies since the tuning process is completely automated.
II. SYSTEM MODEL
The notional system considered in this paper emulating an embedded power grid is depicted in Fig. 1 . It is composed by a Voltage Source Inverter (VSI) fed by a constant DC source and with an LC output filter on the three phase side. An AFE is connected on the VSI output through an inductive filter. On the DC side the AFE is connected to a load through a filtering Optimal control of three-phase embedded power grids 
A. VSI model
The average model of the VSI system can be easily derived in the dq-reference frame is the VSI dc voltage and is assumed to be constant in this work. and are the output inductance current and the output capacitor voltage respectively.
is the modulation index, is the AC supply angular frequency and is the current drained by the AFE. Hereafter the subscript d and q denote the d-axis and q-axis of the synchronous reference frame.
B. AFE model: resistive load
The AFE average model in the dq reference with a resistive load on the DC-link side is and are the input filter resistance and inductance respectively. and are the dc-link voltage and capacitor respectively. is the input filter inductor current, is the dc side resistive load and is the modulation index. In this analysis a DC resistive load has been considered. However the same approach can be applied to different loads, for example constant power loads. Since the system described by (4)- (5) 
and
The jacobian matrices in (7)- (8) depend from the system states and inputs. The steady state value of system (4)- (5) where the superscript * denotes the reference variable. In addition, it has been assumed that * = 0 and * = 0. Finally note that system (4)-(5) has 2 steady state points [2] . In Only the one with minimum is reported in (10) and it will be used hereafter.
C. AFE model: constant power load
Another interesting case to consider is the presence of a constant power load on the AFE DC-link side. It is, for example, a good representation of a drive system. To properly model the presence of a constant power load, equation (5) have to be modified accordingly, resulting in:
This affects also the jacobian matrix (7) that becomes
Also the equilibrium point (10) of the system changes, resulting in
Also in this case only the equilibrium point with minimum has been reported.
III. CONTROLLER DESIGN
Since the final control goal is to regulate , , and with zero steady state error, systems (1) and (6) Model (20) has been derived considering a resistive load on the AFE dc-link side. The derivation of the same model in presence of a constant power load is straightforward using (12) instead of (7). All the state variables described until now are usually directly measured in this kind of system. It is therefore reasonable to use a state feedback controller to regulate the system. Eq. (20) can be rewritten as
where is the disturbance, ∈ is the performance output and the matrices and are the state and control performance weights. The controller gain matrix can be found solving a H2 optimal control problem [6] , i.e. find that minimize the H2 norm of the transfer function from d to z. In time domain, it corresponds to the following optimization problem
If no constraints are imposed to the structure of K, it can be shown that problem (25) is equivalent to a standard LQR problem [7] . In case of designing the control of an embedded power grid, it is however desirable to regulate the different converters independently, in order to avoid the need of additional communication between them. This imposes a predefined structure on the matrix K that forces the control actions of a converter to depend only on its own state. The required gain structure can be written as linear constraints of the optimization problem (25) in the form
where is the subspace of the admissible gains. For every stabilizing K, the integral in (25) can be computed solving the following Lyapunov equation [8] 
The cost function J is a smooth function of K, bounded for every K that makes the closed loop asymptotically stable. It is therefore possible to apply a gradient-based method to find the optimal gain. The cost function gradient is defined as [9] 
where L is obtained solving the following Lyapunov equation
Since the cost function (28) is, in general, nonconvex in K, gradient-based approaches can only guarantee the convergence to the local optimal gain.
IV. SIMULATION RESULTS
The proposed method has been tested in simulation. An average model in dq reference frame of the system in Fig. 1 has been firstly implemented using MATLAB. The system parameters used in the simulations are reported in Table I . The gain matrix ∈ has been constrained to have a block diagonal structure of the type
where ∈ are the VSI gains and ∈ are the AFE gains. With this constraint it is easily verifiable from (24) that the VSI duty cycles depend only on the VSI states. Similarly, the two AFE gains will be function of the AFE states only. To numerically solve problem (25), HIFOO toolbox [10] has been adopted in this work. This tool uses a BFGS descend technique with a multiple starting point approach to overcome the nonconvexity. The resistive load case described in section II.B has been tested firstly. The nonlinear system (4)- (5) has been linearized around the nominal working point. Equations (10) have been computed considering * = 81 V, * = 270 V and = 24.3 Ω and the complete linearized system has been then computed according to (20) . Subsequently the optimal controller gains have been computed as described in Section III. Fig. 2 shows the step response of the dq average model from a no load AFE dc-bus condition to a full load condition (2 kW). A very fast and stable response can be noted from Fig. 2 . Fig. 3 shows the response of the switching system in the same conditions of the simulation tests using the average model, from no load to full load. A very good match between the two dc-link responses can be noted proving the reliability of the average model and the proposed method. A second model has been realized to test the presented control method in presence of a constant power load on the AFE DClink side. Also in this case the system has been linearized around the nominal working point described earlier, with a nominal load power of = 2000 W. System and controller parameters used are reported in Table I . It is interesting to notice that the matrix in (12) has an eigenvalue with positive real part, i.e. the open loop system is unstable. The procedure described in section III needs a stabilizing initial value for the gain matrix K that can be complicated to be found for unstable systems. To overcome the problem, in this work the unstructured optimal gain has been firstly computed using a standard LQR approach. Subsequently, the matrix elements that do not respect the constraint (31) have been forced to zero. The resulting matrix has been used as starting point for the optimization algorithm. There is, in general, no guarantee the obtained initial gain is stabilizing. However, it has been empirically verified that this strategy works well with the system analyzed in this work. Fig. 4 shows the dq average model response to the connection of a 2 kW constant power load to the AFE DC-link side. Also in this case a very good and stable system response can be noticed. A simulation switching model has been used to validate the results obtained with the average one. Fig. 5 shows the system response to the same test, with a dynamic response very close the one obtained with the average model.
V. CONCLUSION
The paper presents a global optimal approach to tune the power converters controllers of an embedded power grid. A linearized small signal model is used to synthetized the regulators keeping intrinsically in consideration the interactions within the grid. A detailed analysis of the control design problem, including the case of a constant power load has been presented along with a validation of the proposed method using matlab simulations.
